Regional hypometabolism of glucose in the brain is a hallmark of Alzheimer's disease (AD). However, little is known about the specific alterations of neuronal and astrocytic metabolism involved in homeostasis of glutamate and GABA in AD. Here, we investigated the effects of amyloid b (Ab) pathology on neuronal and astrocytic metabolism and glial-neuronal interactions in amino acid neurotransmitter homeostasis in the transgenic McGill-R-Thy1-APP rat model of AD compared with healthy controls at age 15 months. Rats were injected with [1-13 C]glucose and [1,2-13 C]acetate, and extracts of the hippocampal formation as well as several cortical regions were analyzed using 1 H-and 13 C nuclear magnetic resonance spectroscopy and high-performance liquid chromatography. Reduced tricarboxylic acid cycle turnover was evident for glutamatergic and GABAergic neurons in hippocampal formation and frontal cortex, and for astrocytes in frontal cortex. Pyruvate carboxylation, which is necessary for de novo synthesis of amino acids, was decreased and affected the level of glutamine in hippocampal formation and those of glutamate, glutamine, GABA, and aspartate in the retrosplenial/cingulate cortex. Metabolic alterations were also detected in the entorhinal cortex. Overall, perturbations in energy-and neurotransmitter homeostasis, mitochondrial astrocytic and neuronal metabolism, and aspects of the glutamate-glutamine cycle were found in McGill-R-Thy1-APP rats.
INTRODUCTION
Regional hypometabolism of glucose in the brain is a hallmark of Alzheimer's disease (AD). Compromised mitochondrial function and bioenergetics in AD have also been reported, and among the most robust findings are diminished activity of several enzymes involved in oxidative metabolism of glucose: the pyruvate dehydrogenase (PDH) complex, 1,2 the a-ketoglutarate dehydrogenase complex, 1, 2 and cytochrome c oxidase/complex IV of the electron transport chain. 3 Since the tricarboxylic acid (TCA) cycle intermediate a-ketoglutarate (a-KG) is the precursor for glutamate and subsequently for GABA in GABAergic neurons and glutamine in astrocytes, the metabolism of glucose and amino-acid neurotransmitters in the brain is closely linked. The homeostasis of glutamate and GABA also requires glial-neuronal interactions, since the transporters and enzymes involved in uptake, synthesis, and degradation of these neurotransmitters are differentially distributed in neurons and astrocytes. Therefore, diseases that encompass changes to glucose metabolism may involve alterations in cellular energy metabolism, amino-acid neurotransmitter homeostasis, and glial-neuronal interactions. Indeed, reduced brain glutamate levels in patients with AD point toward impairment of neurotransmitter homeostasis in the disease. 4 Results from 13 C nuclear magnetic resonance (NMR) spectroscopy studies in AD patients and in brain extracts from APP-PS1 mice have shown reduced oxidative metabolism of glucose in neurons and reduced neuronal TCA cycle turnover, with possible impairment of the glutamate-glutamine cycle. 5, 6 Investigation of astrocytic metabolism in AD patients and in cultured astrocytes exposed to various fragments of amyloid b (Ab) have, however, provided conflicting results. [7] [8] [9] Thus, despite the efforts to understand the metabolic consequences of AD pathology, the contribution of neurons and astrocytes to the deficits in aminoacid neurotransmitter homeostasis in AD remains to be clarified.
Transgenic rodent models expressing familial AD mutations recapitulate key pathologic features of the disease, and enable investigation of the metabolic dysfunction following altered amyloid precursor protein (APP) processing and Ab pathology. In the present study, the effect of Ab pathology on neuronal and astrocytic metabolism and glial-neuronal interactions in neurotransmitter homeostasis was assessed in the transgenic McGill-R-Thy1-APP rat model of AD. In these rats, accumulation of Ab oligomers appears 1 week after birth and cognitive symptoms are apparent by 3 months of age. Extracellular Ab plaques start accumulating in the subiculum area at age 6 months, appear in most areas of the hippocampal formation and some areas of the cerebral cortex at age 13 months, and are found in most areas of the brain by 20 months of age. 10 We have previously reported that changes in metabolite concentrations are readily detected by in vivo 1 H NMR spectroscopy at both early and more advanced age in these rats. 11 In the present study, neuronal and astrocytic metabolism was studied simultaneously by injecting transgenic McGill-R-Thy1-APP rats and age-matched controls with [1-13 C]glucose and [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate followed by analysis with ex vivo 1 H and 13 C NMR spectroscopy and high-performance liquid chromatography (HPLC). We investigated metabolic alterations in the hippocampal formation, frontal-, entorhinal-, and retrosplenial/cingulate cortices since regional hypometabolism of glucose in AD occurs in brain regions such as the posterior cingulate cortex and the medial temporal lobe, as well as in the frontal cortex in later stages of the disease. 12, 13 MATERIALS AND METHODS Materials [1-13 C] glucose and [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate were purchased from Cambridge Isotope Laboratories (Andover, MA, USA), deuterium oxide (D 2 O, 99.9%) from CDN Isotopes (Point-Claire, Quebec, Canada), ethylene glycol from Merck (Darmstadt, Germany) and 2,2-Dimethyl-2-silapentane-5-sulfonate sodium salt (DSS sodium salt) from Sigma-Aldrich (St Louis, MO, USA). All other chemicals of the purest grade were available from local commercial suppliers.
Animals
Ten female McGill-R-Thy1-APP rats and eleven female Wistar controls (HanTac:WH/Wistar Hannover GALAS rats from Taconic, Ejby, Denmark) of age 15 months were included in the experiment. McGill-R-Thy1-APP rats express the 751 isoform of the human APP carrying the Swedish and Indiana mutations under transcriptional control of the murine Thy1.2 promoter. 10 All transgenic rats used in this study were homozygous, bred in-house, and genotyped as described previously. 11 McGill-R-Thy1-APP and control rats did not differ significantly in weight. All animals were maintained under standard laboratory conditions on a 12/12-hour light/ dark cycle, with free access to food and water prior to the experiment. The experiments were approved by the Norwegian Animal Research Authority and performed according to the European Convention (ETS 123 of 1986).
Animal Procedures
The rats were injected intraperitoneally with [1-13 C]glucose (543 mg/kg, 0.3 mol/L solution) plus [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate (504 mg/kg, 0.6 mol/L solution). Twenty minutes after injection, the animals were subjected to microwave fixation of the head at 4 kW for typically 2 seconds (Model GA5013; Gerling Applied Engineering Inc., Modesto, CA, USA). The hippocampal formation and frontal-, entorhinal-, retrosplenial-, and cingulate cortices were dissected. The retrosplenial and cingulate cortices of each rat were combined to achieve higher tissue weight for analysis with 13 C NMR spectroscopy. Blood was collected from the bodies, quickly pipetted into tubes and centrifuged for 10 minutes at 3,000 g at 41C to obtain blood plasma. All brain and blood plasma samples were stored at À 801C until extraction.
Extraction of Brain Tissue and Blood Plasma
The blood plasma samples were extracted using the perchloric acid method for extraction of blood as described previously. 14 Brain tissue samples were extracted using a methanol/chloroform extraction method: samples were homogenized in 300 mL ice-cold methanol using a VibraCell Sonicator (model VCX 750; Sonics & Materials, Newtown, CT, USA), and a-ABA was added as an internal standard for HPLC analysis. In all, 150 mL purified water (Elga Purelab Ultra Analytic, Marlow, UK) and 200 mL chloroform were added to each sample, which was subsequently centrifuged at 9,830 g for 15 minutes at 41C. The methanol/water phase was collected and transferred to a new tube. The remaining chloroform phase was re-extracted by adding 400 mL methanol, 300 mL purified water, and 100 mL chloroform. After centrifugation, the new methanol/water phase was pooled with the methanol/water phase collected previously. The chloroform phase was once again re-extracted and centrifuged, and the methanol/water phase was pooled with those previously collected for each sample. All samples were kept on ice whenever possible during the extraction procedure and stored at À 801C after extraction. After lyophilization, the samples were resuspended in 200 mL D 2 O, centrifuged at B3,000 g for 10 minutes at 41C, and 5 mL was removed from the supernatants for HPLC analysis. The supernatants were then lyophilized twice with D 2 O.
Concentrations of metabolites and incorporation of 13 C label into metabolites in brain extracts obtained from transgenic McGill-R-Thy1-APP rats and controls were quantified using HPLC, 1 H and 13 C NMR spectroscopy. Due to the small size of the entorhinal cortex, 13 C NMR spectroscopy spectra with adequate signal-to-noise ratio could not be obtained, and these extracts were analyzed with 1 H NMR spectroscopy and HPLC only. Blood plasma samples were analyzed using 1 H NMR spectroscopy.
High-Performance Liquid Chromatography
High-performance liquid chromatography with fluorescence detection (1100 series; Agilent Technologies, Santa Clara, CA, USA) was used for quantification of the following amino-acid concentrations in the hippocampal formation, frontal-, entorhinal-, and retrosplenial/cingulate cortices: glutathione, serine, glycine, threonine, arginine, tyrosine, methionine, tryptophan, valine, phenylalanine, isoleucine, and leucine. Amino acids were precolumn derivatized with o-phthaldialdehyde, and components were separated on a Zorbax SB-C18 column (4.6 Â 150 mm, 3.5 mm; Agilent Technologies). A gradient of two eluents (one with phosphate buffer (50 mmol/L, pH 5.9) and tetrahydrofurane (2.5%) and the other with methanol (98.75%) and tetrahydrofurane (1.25%)) was used to achieve optimal separation and faster elution of the most nonpolar components. Quantification was performed using the internal standard a-ABA, thus correcting for potential metabolite loss during extraction. All amounts were corrected for tissue weight. 1 H and 13 C Nuclear Magnetic Resonance Spectroscopy 1 H NMR spectroscopy was used to determine the content and 13 C enrichment of glucose and acetate in the blood plasma samples, and the content of NAD þ , ATP þ ADP (and AMP), glucose, myo-Inositol (mIns), phosphocreatine, creatine, taurine, phosphocholine, glycerophosphocholine, choline, aspartate, succinate, glutamine, glutamate, GABA, Nacetylaspartate, lactate, and alanine in all brain regions investigated: the hippocampal formation, frontal cortex, entorhinal cortex, and the combined retrosplenial and cingulate cortices. 13 C NMR spectroscopy was used to quantify the concentrations of 13 C-labeled metabolites in all brain areas except the entorhinal cortex, which was too small for this analysis. A typical 13 C NMR spectroscopy spectrum from the retrosplenial/ cingulate cortex of a McGill-R-Thy1-APP rat injected with [1-13 C]glucose and [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate is shown in Figure 1 . Lyophilized extracts of brain and plasma were dissolved in 160 mL D 2 Figure 1 . A typical 13 C nuclear magnetic resonance (NMR) spectroscopy spectrum from the retrosplenial/cingulate cortex of a McGill-R-Thy1-APP rat injected with [1-13 C]glucose and [1,2-13 C]acetate (for details, see Materials and Methods). The singlets are monolabeled metabolites predominantly derived from [1-13 C]glucose metabolism, whereas doublets are double-labeled (in consecutive positions) metabolites mainly originating from [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate metabolism. Peak assignment: 1-alanine C3, 2-lactate C3, 3-N-acetylaspartate C6, 4-GABA C3, 5-glutamine C3, 6-glutamate C3, 7-glutamine C4, 8-glutamate C4, 9-GABA C2, 10-taurine C2, 11-aspartate C3, 12-creatine C2, 13-aspartate C2, 14-N-acetylaspartate C2, 15-creatine C4, 16-glutamine C2, and 17-glutamate C2. Parallel lines indicate that peaks are truncated.
as internal standards for quantification. The supernatants were transferred to SampleJet tubes (3.0 Â 103.5 mm) for insertion into the SampleJet autosampler (Bruker BioSpin GmbH, Rheinstetten, Germany). All samples were analyzed using a QCI CryoProbe 600 MHz ultrashielded Plus magnet (Bruker BioSpin GmbH). 1 H NMR spectroscopy spectra from brain extracts were acquired with the following parameters: pulse angle of 901, acquisition time of 2.66 seconds and a relaxation delay of 10 seconds. The number of scans was typically 128. 1 H spectra from blood plasma extracts were acquired with the same parameters, but the number of scans was 64. Proton decoupled 13 C spectra were acquired with the following parameters: pulse angle of 301, acquisition time of 1.65 seconds and a relaxation delay of 0.5 seconds, 30 kHz spectral width with 98 K data points. The number of scans was typically 8, 192 . All spectra were recorded at 201C.
Relevant peaks in the spectra were identified and integrated using the TopSpin 3.0 software (Bruker BioSpin GmbH). Amounts of metabolites were quantified from the integrals of the peak areas using DSS and ethylene glycol as internal standards for the 1 H and 13 C spectra, respectively. The amounts obtained from 1 H spectra were corrected for the number of protons constituting the peak, for 13 C content and for tissue weight. The amounts of 13 C-labeled metabolites were corrected for tissue weight, singlets in the 13 C spectra were corrected for the 1.1% natural abundance of 13 C calculated from 1 H spectra, and all peaks were corrected for nuclear Overhauser and relaxation effects in the following way: one 13 C NMR spectrum was taken under the experimental conditions with nuclear Overhauser effect, optimized pulse angle and repetition time. Directly thereafter another 13 C NMR spectrum was taken of the same sample without nuclear Overhauser effect but with decoupling of the protons briefly before acquisition and a 20 second relaxation delay, well above the 5 Â relaxation time for the carbon atoms of interest. 15 This was performed with six samples, the averages were taken and applied to all peaks. Percent (%) 13 C enrichment was calculated as the 13 C amount (corrected for natural 13 C abundance) divided by the total concentration of the metabolite ( 12 C þ 13 C) and expressed as percent. The percent 13 C enrichment represents the turnover, or the rate of synthesis and degradation, of a metabolite. 16 Labeling Patterns from Metabolism of [1-13 C]Glucose and [1,2-13 C]Acetate Glucose is taken up by both neurons and astrocytes, 17 but the majority of acetyl Coenzyme A (acetyl CoA) derived from glucose is metabolized in neurons. 18 Acetate, however, is predominantly taken up and metabolized by astrocytes. 19, 20 Therefore, injection of [1-13 C]glucose and [1,2-13 C]acetate used in conjunction with 13 C NMR spectroscopy permits monitoring of the activity of metabolic pathways in neurons and astrocytes as well as interactions between these two compartments. A schematic overview of 13 C-labeling patterns is shown in Figure 2 .
[1-13 C]glucose is, via glycolysis, converted to [3-13 C]pyruvate that can be further converted to [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [4-13 C] GABA in GABAergic neurons. The neuronal release of glutamate, astrocytic uptake and conversion to glutamine followed by recycling to neurons constitutes the glutamate-glutamine cycle. A similar cycle exists between GABAergic neurons and astrocytes, termed the glutamate-GABA-glutamine cycle. Although the majority of GABA is removed from the synaptic cleft by reuptake into neurons, astrocytes may also take up GABA and degrade it via the GABA shunt and subsequent TCA cycle metabolism to form glutamine which can be transferred to GABAergic neurons for reconversion to GABA via glutamate (reviewed in Bak et al 21 
Calculation of Metabolite Ratios
Astrocyte-neuron interactions. As previously mentioned, acetate is metabolized predominantly by astrocytes, and [1,2-13 C]acetate gives rise to [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate in astrocytes after several steps. [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate is both precursor for [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine in astrocytes and the result of transfer of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine to neurons followed by reconversion to [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate. However, since the amount of glutamate located in glutamatergic neurons accounts for over 80% of the total glutamate pool, 22, 23 [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate quantified by 13 C NMR spectroscopy predominantly reflects neuronal conversion of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine to [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate. This amount will depend on the percent 13 Black circles are 13 C atoms, striped circles show the 13 C-label obtained from metabolism via the PC pathway in astrocytes, white circles are 12 20 This ratio should therefore be used with care under circumstances of altered mitochondrial metabolism in astrocytes, which will confound the [4-13 C]glutamine level used to reflect glutamate transfer. The transfer of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine from astrocytes to GABAergic neurons can be estimated by the [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]GABA amount divided by the percent enrichment of glutamine with [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] 
Pyruvate carboxylation. The relative contribution from the PC compared with that of the PDH pathway to glutamate and glutamine formation can be evaluated by calculation of the PC/PDH ratio. As [2-13 C]glutamate and glutamine may arise both from the anaplerotic PC reaction and from the oxidative PDH reaction, the latter is corrected for by subtraction of [3-13 C]glutamate or glutamine, which is formed in equal amounts as [2-13 C]glutamate or glutamine from the second turn of the TCA cycle when the 13 
Acetate/glucose utilization. The acetate/glucose utilization ratio is an estimate of the relative contribution from astrocytes and neurons to the formation of glutamate, glutamine, and GABA. For glutamate and glutamine, it can be expressed as [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] 
Data and Statistical Analysis
One retrosplenial/cingulate cortex sample from a control rat was omitted from all data sets due to incorrect tissue weight. In addition, it was not possible to obtain appropriate 1 H NMR spectroscopy signal for one McGill-R-Thy1-APP frontal cortex sample. One control frontal cortex sample was excluded from the 1 H and 13 C NMR spectroscopy data sets and one McGill-R-Thy1-APP entorhinal cortex sample was excluded from the 1 H NMR spectroscopy data set, because these samples were too small to obtain quantifiable spectra. However, these two samples could still be analyzed using HPLC. Also, it was not possible to dissect the entorhinal cortex of one of the McGill-R-Thy1-rats.
All results are presented as the group average ± s.e.m. Metabolite concentrations and the amount of 13 C-labeled metabolites were compared between control and McGill-R-Thy1-APP rats using the two-tailed unpaired Student's t-test calculated using the Microsoft Excel software, with Po0.05 as the level of significance. It should be noted that the level of significance was not adjusted for multiple comparisons, thus the findings in this study should be interpreted with care.
RESULTS
There were no differences in the concentration and percent 13 C enrichment of glucose in the blood plasma between control (7.32±0.28 mmol/L, 36±1% 13 C enrichment) and McGill-R-Thy1-APP (7.46 ± 0.64 mmol/L, 34 ± 2% 13 C enrichment) rats. The concentration and percent 13 C enrichment of acetate in blood plasma of control (0.78 ± 0.08 mmol/L, 66 ± 2% 13 C enrichment) and McGill-R-Thy1-APP (0.68±0.13 mmol/L, 65±3% 13 C enrichment) were not significantly different either. Furthermore, the concentrations of glucose and of [1-13 C]glucose were unchanged compared with controls in all brain regions investigated in McGill-R-Thy1-APP rats, whereas acetate was not detectable in brain extracts in any of the groups. This indicates that there were no differences in substrate transport from blood to brain between the groups. In contrast, the levels of lactate and alanine in the hippocampal formation as well as the lactate level in the frontal cortex were increased in McGill-R-Thy1-APP rats compared with controls ( Table 1 ). In McGill-R-Thy1-APP rats, the level of [3-13 C]lactate was significantly elevated in the hippocampal formation and frontal cortex, but the level of [3-13 C]alanine did not differ from that of controls in any of the brain areas.
The concentrations of glutamate, glutamine, GABA, and aspartate were significantly decreased in the retrosplenial/ cingulate cortex of McGill-R-Thy1-APP rats compared with controls, whereas a reduced level of glutamine was found in the hippocampal formation ( Figure 3 ). In addition, decreased incorporation of 13 concentration of [1,2-13 C]GABA, originating from [4,5-13 C]glutamine sent from astrocytes, was unaltered in all brain areas investigated (Figure 4 ). The levels of the energy-related metabolites ATP þ ADP (and AMP), phosphocreatine, and NAD þ were decreased in the retrosplenial/cingulate cortex, whereas the level of creatine was increased in the frontal cortex of McGill-R-Thy1-APP rats compared with controls ( Table 2 ). The concentration of serine was significantly increased in all brain areas investigated in McGill-R-Thy1-APP rats compared with controls, and the taurine concentration was increased both in the hippocampal formation and in the entorhinal-and frontal-cortices, but not in the retrosplenial/ cingulate cortex. Furthermore, there was an increase in the level of arginine in the hippocampal formation, whereas the levels of methionine, isoleucine, and mIns were increased in the frontal cortex of McGill-R-Thy1-APP rats. In the retrosplenial/cingulate cortex, the levels of arginine and fumarate were increased, whereas the levels of threonine, mIns, and phosphocholine were decreased ( Table 2) . Phenylalanine is a precursor for tyrosine, which is converted to the monoamine neurotransmitters dopamine, norepinephrine, and epinephrine. The phenylalanine contents of the frontal-and the retrosplenial/cingulate cortices of McGill-R-Thy1-APP rats were significantly increased, whereas the levels of tyrosine and the serotonin precursor tryptophan were normal in all brain regions ( Table 2 ).
Metabolite Ratios
The ratio for transfer of glutamine from astrocytes to glutamatergic neurons (A-N interaction; Table 3 ) was decreased in the retrosplenial/cingulate cortex of McGill-R-Thy1-APP rats but was unaltered in the hippocampal formation and frontal cortex. The ratio for transfer of glutamine from astrocytes to GABAergic neurons was increased in the frontal cortex of McGill-R-Thy1-APP rats compared with controls, but was unaltered in the hippocampal formation and retrosplenial/cingulate cortex. Unfortunately, the ratio for transfer of glutamate from the neuronal to the astrocytic compartment could not be reliably calculated as it was compromised by the decreased mitochondrial metabolism in astrocytes.
Neurons rely upon astrocytic TCA cycle anaplerosis to replenish their neurotransmitter pools of glutamate and GABA. 21 In both the hippocampal formation and retrosplenial/cingulate cortex of McGill-R-Thy1-APP rats, the levels of glutamate and glutamine resulting from metabolism via the PC pathway (and thus reflecting de novo synthesis) were reduced compared with controls ( Table 3 ). The levels derived from pyruvate carboxylation were equally reduced as those formed via the PDH pathway, leading to unaltered PC/PDH ratios (results not shown). Moreover, significantly more [1,2-13 C]acetate relative to [1-13 C]glucose was used for GABA synthesis in the retrosplenial/cingulate and frontal cortices of McGill-R-Thy1-APP rats compared with controls, as shown by the increased acetate versus glucose utilization ratio for GABA in these regions (Table 3 ). For glutamate and glutamine, however, there were no changes in the relative acetate versus glucose utilization (results not shown).
DISCUSSION
In the present study, we investigated the effects of Ab pathology on regional neuronal and astrocytic metabolism involved in energyand amino-acid neurotransmitter homeostasis in a transgenic rat model of AD. Although brain metabolism in AD has been extensively studied, few have employed 13 C NMR spectroscopy and 13 C-labeled precursors, which enables detailed mapping of the activity of metabolic pathways in the brain. The present study assessed neuronal and astrocytic metabolism in several brain regions, thus offering high regional and cellular specificity compared with most previous studies investigating brain metabolism in AD patients or animal models.
Decreased regional cerebral metabolic rate for glucose has been consistently showed in patients with familial or sporadic AD at various disease stages or even before the manifestation of clinical symptoms. 25 Our findings of unchanged levels of glucose and [1-13 C]glucose in all brain regions under investigation in the McGill-R-Thy1-APP rat model of AD in the present study thus do not replicate previous findings. Similarly, a previous 13 C MR spectroscopy study showed an unaltered amount of [1-13 C]glucose in the brain of AD patients compared with controls despite several changes in concentrations of 13 C-labeled metabolites downstream of glucose. 5 The increased level and 13 Clabeling of lactate in McGill-R-Thy1-APP rats in the present study reached significance in the hippocampal formation and frontal cortex, which is in agreement with earlier reports of increased brain lactate production in AD patients and transgenic AD mice. 5, 26, 27 Together, these findings point toward impaired mitochondrial metabolism in the brain of McGill-R-Thy1-APP rats.
Impaired Neuronal and Astrocytic Mitochondrial Metabolism and Glial-Neuronal Interactions in McGill-R-Thy1-APP Rats
The above-mentioned increase in lactate production in AD patients was accompanied by decreased oxidative glucose metabolism and TCA cycle rate. 5 In triple transgenic AD mice, increased lactate production was accompanied by decreased PDH protein level and activity as well as diminished brain mitochondrial respiration. 28 Thus, in line with previous studies, our findings suggest impaired glucose oxidation 5, 28 and indicate that lactate accumulation might be the result of restricted entry of pyruvate into mitochondria, possibly caused by decreased PDH activity. 26, 28 In the present study, impaired neuronal mitochondrial metabolism in the hippocampal formation, frontal-and retrosplenial/ cingulate cortices in McGill-R-Thy1-APP rats was showed by the decreased incorporation of 13 C label from [1-13 C]glucose via the PDH pathway and the TCA cycle into glutamate, GABA, and aspartate. The reduction in the 13 C levels and percentage 13 C enrichment with [4-13 C]glutamate, [2-13 C]GABA, and [2-13 C] þ [3-13 C]aspartate concomitant with unaltered overall concentrations in the hippocampal formation and the frontal cortex suggests reduced turnover of these amino acids. Reduced turnover implies that the reduction in synthesis of a 13 C-labeled metabolite is accompanied by equal reduction in degradation of unlabeled metabolite, since the overall concentration of the metabolite remains unaltered. 16 The reduced turnover of glutamate, GABA, and aspartate suggests reduced TCA cycle flux in both glutamatergic and GABAergic neurons in the frontal cortex and hippocampal formation of McGill-R-Thy1-APP rats. These results are in agreement with previous studies showing reduced concentration of 13 C-labeled glutamate, aspartate, and bicarbonate from [1-13 C]glucose in AD patients despite unaltered content of amino acids. 5 Similarly, decreased turnover of glutamate and GABA was showed in extracts of cortex, hippocampus, and striatum of APP-PS1 mice. 6 In the retrosplenial/ cingulate cortex of McGill-R-Thy1-APP rats, however, reduced synthesis of amino acids was likely, as there was a reduction in the concentrations of [4-13 C]glutamate, [2-13 C]GABA, and [2-13 C] þ [3-13 C]aspartate as well as in the overall concentrations of these amino acids. These findings fit well with the reported decrease in glutamate level in the cingulate cortex of AD patients in vivo 4 as well as decreased GABA and aspartate levels in postmortem brain tissue from AD patients. 29 Changes in glutamate levels are already present before plaques in the McGill-R-Thy1-APP rat model, 11 and the findings in the present study show pronounced changes in mitochondrial metabolism at older age with more advanced amyloid pathology. Thus, the promise of indicators of diminished mitochondrial metabolism as supportive biomarkers of AD should be investigated in future clinical studies of AD and mild cognitive impairment.
Compromised astrocytic mitochondrial metabolism in the present study was showed by the reduction in metabolism of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate, and was supported by the decrease in [4-13 C]glutamine levels which partly reflects 13 C-labeling of the astrocytic a-KG pool. In the hippocampal formation and retrosplenial/cingulate cortex, decreased 13 C-labeling of glutamine together with large declines in the glutamine content implicated reduced glutamine synthesis. In addition, reduced amounts of glutamine and glutamate were labeled from metabolism via the PC pathway in astrocytes, indicating compromised de novo synthesis. This is a plausible cause of the reduced synthesis of glutamine in hippocampal formation and of glutamine, glutamate, GABA, and aspartate in retrosplenial/cingulate cortex. A distinct decline in PC activity has previously been detected in postmortem tissue from the frontal and temporal lobes of AD patients, 30 but the results in the present study elaborate on this and show the metabolic consequences of a reduction in pyruvate carboxylation. Interestingly, marked reduction in the amounts of [2-13 C]glutamate and glutamine was also observed in AD patients after [1-13 C]glucose infusion and could partly reflect decreased pyruvate carboxylation, but this was not considered by the authors. 5 Altered glutamine levels have previously been shown in the cortex of AD mice. 27 The reduction in the amount and percent 13 C enrichment with [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine and [4-13 C]glutamine together with the unaltered glutamine content in frontal cortex of McGill-R-Thy1-APP rats in the present study suggests decreased glutamine turnover in astrocytes, implicating reduced flux through the astrocytic TCA cycle. This is in line with previous findings of reduced glutamine turnover in AD patients and APP-PS1 mice. 5, 6 In contrast, a recent preliminary study in subjects with mild cognitive impairment and AD patients showed an increase in glial metabolic rate in the posterior cingulate gray and white matter. 8 More research into astrocyte metabolism in AD is clearly needed to resolve these discrepancies.
The reduced glutamine transfer from astrocytes to glutamatergic neurons in the retrosplenial/cingulate cortex suggests that the metabolic impairment in this region was accompanied by perturbations in aspects of the glutamate-glutamine cycle. The unaltered glutamate content and transfer of glutamine to neurons in the hippocampal formation despite reduced de novo synthesis of glutamate and glutamine via PC suggest that glutamine transfer to neurons for glutamate production is prioritized by hippocampal astrocytes even in the context of reduced mitochondrial metabolism in astrocytes. Even though the reduction in [4-13 C]glutamine in all regions may reflect the reduced mitochondrial metabolism in astrocytes, compromised transfer of glutamate from neurons to astrocytes and thus impaired glutamatergic neurotransmission cannot be ruled out. Regarding the contribution of astrocyte-derived glutamine to GABA homeostasis, it can be hypothesized that the unaltered amounts of [1,2-13 C]GABA may indicate that [1,2-13 C]GABA was derived from an unaffected pool of astrocytic [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine despite decreased glutamine turnover and synthesis. Alternatively, astrocytic supply of glutamine to GABAergic neurons in frontal cortex could be upregulated. The decreased percent enrichment with [4,5-13 C] glutamine in this region should be reflected in reduced levels of [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]GABA if the amount of glutamine transferred from astrocytes was unchanged. However, this was not the case, and the elevated ratio of glutamine transfer from astrocytes to GABAergic neurons in this region further supports elevated glutamine transfer between astrocytes and GABAergic neurons in the frontal cortex.
Energy Metabolism
Compromised mitochondrial function and energy metabolism was suggested by the reduction in ATP þ ADP, phosphocreatine, and NAD þ in the retrosplenial/cingulate cortex in the present study. This region is prone to pronounced early hypometabolism as well as to mitochondrial dysfunction in AD. 3, 12, 31 Our findings fit with previous reports of decreased ATP formation in early and advanced AD 32 and depleted ATP levels already in young transgenic AD mice 33 as well as in cell cultures exposed to Ab. 34 The reduction in energy-related metabolites could also affect the activity of key mitochondrial enzymes that require ATP or NAD þ as cofactors, such as PC, PDH, and the a-ketoglutarate dehydrogenase complex, or that of the cytosolic enzyme glutamine synthetase.
Other Metabolites Ab has been shown to directly disrupt mitochondrial function and inhibit key mitochondrial enzymes in cell-culture experiments, 35 but there is dissociation between Ab burden and glucose hypometabolism in vivo. 36 Although the present study shows that overexpression of mutated human APP induces cerebral neuronal and astrocytic hypometabolism in McGill-R-Thy1-APP rats, we cannot conclude on whether Ab directly impaired energyand neurotransmitter metabolism. The lack of changes in the neuronal marker N-acetylaspartate in the present study indicates that changes in neurotransmitter homeostasis and energy metabolism are not caused by substantial neuronal loss in this rat model of AD. Dystrophic neurites have been detected in periplaque areas, indicating neurodegeneration in 20-month-old rats, but neuronal loss has not yet been assessed in detail in the McGill-R-Thy1-APP rat model. 10 Neuronal loss as a possible cause of the hypometabolism detected in the present study therefore cannot be fully excluded and should be explored in future studies. Elevated cerebral level of the glial marker mIns is commonly found in AD patients, 37 and the increase showed in the frontal cortex of McGill-R-Thy1-APP rats in the present study could suggest astrogliosis. Fibrillar, dense plaques are surrounded by activated microglia in McGill-R-Thy1-APP rats, indicating neuroinflammation, 10 which could also mediate the increase in mIns in the present study. Increased concentration of serine has been shown in TgCRND8 mice, 27 and although we did not measure whether the widespread increase in brain serine levels represented changes in concentration of the L-or the D-isoform or both, it is interesting to note that D-serine may be involved in NMDA receptor-mediated neurotoxic insults in AD. 38 Taurine is thought to exert osmoregulatory and neuromodulatory effects as well as mediating protection against the neurotoxicity of glutamate receptor agonists and Ab, 39, 40 and the increased taurine content observed in all brain regions except the retrosplenial/ cingulate cortex could be related to any of these roles. The taurine content is elevated in the brain of some, but not all animal models of AD. We have previously shown elevated taurine content in the dorsal hippocampus at age 9 and 12 months and frontal cortex at the age of 12 months in McGill-R-Thy1-APP rats, 11 and the level of taurine was also elevated in APPTg2576 mice. 41 
CONCLUSIONS
The results in the present study show widespread changes in the activity of metabolic pathways in the McGill-R-Thy1-APP rat model of AD, including perturbed energy-and neurotransmitter homeostasis, diminished mitochondrial metabolism in astrocytes and neurons, and impairment of aspects of the glutamate-glutamine cycle. Specifically, reduced turnover of amino acids and thus TCA cycle flux was showed for hippocampal and frontal cortex neurons as well as astrocytes in the frontal cortex. Reduced de novo formation of amino acids via pyruvate carboxylation was showed in hippocampal formation and retrosplenial/cingulate cortex astrocytes, affecting levels of glutamine in hippocampal formation and of glutamate, glutamine, GABA, and aspartate in the retrosplenial/cingulate cortex. Altered amino-acid levels could also be detected in the entorhinal cortex. It is conceivable that the substantial metabolic impairment of glutamatergic and GABAergic neurons as well as astrocytes and the disrupted amino-acid neurotransmitter homeostasis will interfere with glutamatergic and GABAergic neurotransmission, which has implications for neuronal function in the AD brain. Our results thus provide support for therapeutic approaches aimed to improve brain metabolism, and suggest that treatments to enhance mitochondrial metabolism in AD could be beneficial. The potential of diminished mitochondrial metabolism as a biomarker of AD should also be investigated in future clinical studies. Furthermore, the results obtained in the present study show the excellent potential of 13 C NMR spectroscopy to detect alterations in cellspecific metabolic pathways in animal models of AD.
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